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Abstract
Flooding is the most frequently occurring natural disaster in the United States and
worldwide (FEMA, 2004). Each year, when major flooding ravishes communities,
residents are put in danger and often displaced from their homes and jobs for several
weeks or months, if not more. The use of amphibious structures as a flood risk mitigation
technique has currently only been implemented in individual or small-scale development.
Information on the structural design of such buildings is limited and most of the current
knowledge regarding amphibious structures is presented in architectural applications.
The primary objective of this research is to develop a prescriptive approach to the
structural design of a dual-foundation system for an amphibious structure which will float
under flooded conditions. The research and example design problem presented herein
provide a prescriptive criterion outlining how to simultaneously achieve a buoyant
condition and structural stability, which restricts movement in the three degrees of
rotation and the lateral movements in the surge and sway directions, while freeing the
heave motion to the degree of rising and receding floodwaters. This prescriptive
approach outlines the determination of site-specific flood risk; structural and architectural
design considerations, use of applicable equations and calculations; and interpretation of
the design results. The long-term goal of this prescriptive criteria is such that it can be
replicated in any new construction project, regardless of building size or orientation.
Additionally, a theoretical loss avoidance study was conducted and reinforced the notion
that wide-scale implementation of amphibious structural design in regions with a high
flood inundation risk would yield a high return on investment in the event of a major
flood.
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Introduction
Flooding is the most common natural disaster in the United States, and,
statistically, the intensity of floods has become progressively worse over time (FEMA,
2004). Flood risk sources can include excessive rainfall, flash floods, storm surge,
riverine flooding, runoff water, snow melt, failed levees or dams, gradual sea-level rise,
or ground subsidence. In the United States, the Federal Emergency Management Agency
(FEMA) is responsible for regulation of flood mitigation strategies. Currently, FEMA
recognizes four acceptable flood mitigation strategies for structures within a special flood
hazard area: static elevation, wet or dry floodproofing (only applicable in commercial
structures), and barrier systems, such as floodwalls or levees. However, these
mechanisms are susceptible to failure with catastrophic implications.
Traditional flood mitigations strategies only protect a structure up to the limit of
the design flood elevation (DFE = base flood elevation + freeboard). Once floodwaters
exceed the design flood elevation, the structure is no longer protected from the direct
effects of flood loads, including buoyancy of the superstructure or failure of the exterior
walls due to flood loads that they were not designed to resist. Figure 1, on the following
page, depicts a residence in Middleburg, Florida that was elevated on piers above the
DFE, per FEMA requirements. During the passage of Hurricane Irma in September
2017, the elevation of the floodwaters exceeded the DFE and inundated the
superstructure. The hydrostatic forces acting on the underside of the superstructure
resulted in a loss of connection between the pier and beam static elevation foundation
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system. As a result, the structure became buoyant and eventually collapsed when the
floodwaters receded.

Figure 1. Partially collapsed residence in Middleburg, FL due to buoyancy

Structures utilizing traditional flood mitigation techniques can also experience
catastrophic failures even when the depth of the floodwaters does not exceed the DFE.
Figure 2, below, depicts a multi-family residential structure that also collapsed during the
passage of Hurricane Irma in September 2017. The elevation of the floodwaters did not
exceed the DFE; however, the velocity of the moving floodwater scoured the supporting
soils below the structure, resulting in a loss of support and collapse of the structure.

Figure 2. Before and after of collapsed structure in Islamorada, FL due to scoured foundation soils
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In addition to being potentially unsafe, traditional flood mitigation strategies are
not always economically responsible. FEMA and the National Flood Insurance Program
(NFIP) have programs in place to prevent repetitive loss structures; however, as of 2007,
there were over 140,000 repetitive loss properties in the United States, with an average
steady increase of approximately 6,500 properties each year since 1999 (Department of
Homeland Security, 2009). If the number of repetitive loss properties has continued to
increase at approximately the same rate, it is a reasonable expectation that there are over
224,000 documented repetitive loss structures today. The biggest contributing factor for
a repetitive loss to a structure with traditional flood mitigation strategies already
implemented is that a flood exceeds the design flood elevation (DFE) that the flood
mitigation techniques were built to.
Each of the flood mitigation techniques set forth by FEMA present a different set
of problematic concerns which can be dramatically reduced, or even eliminated, through
amphibious construction applications. The main principles of amphibious design are to
provide structural safety and stability to reduce flood-related threats, such as hydrostatic
and hydrodynamic forces during a flood event, without sacrificing safety from other
potential damaging forces, such as wind; to protect the lives, livelihood, and belongings
of residents during a flood event; to alleviate accessibility issues associated with elevated
structures; and to prevent a disruption of community character and traditional building
relationships under normally dry conditions (English, Friedland, Orooji, & Mahtani,
2015).
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Objectives
The objectives of this research are to:
1. Develop a prescriptive criterion for design of a restraining system to resist lateral
movement and rotation of an amphibious superstructure due to hydrostatic forces,
hydrodynamic forces, impact loads, breaking wave loads, and wind forces to
achieve maximum stability of the superstructure during a flood event.
2. Outline the prescriptive criterion for the design of a restraining system for
building and site-specific implementation of the design.
3. Analyze the theoretical loss avoidance of wide-scale implementation of
amphibious dual-foundation systems in new construction.

Key Definitions
Amphibious Structure: A structure that remains on the ground under normally dry
conditions but rises and falls with floodwater in order to mitigate the risk of flood
exposure and inundation.
Archimedes’ Principle: The physical law of buoyancy, which states that “any body
completely or partially submerged in a fluid (gas or liquid) at rest is acted upon by an
upward, or buoyant, force the magnitude of which is equal to the weight of the fluid
displaced by the body. The volume of displaced fluid is equivalent to the volume of
an object fully immersed in a fluid or to that fraction of the volume below the surface
for an object partially submerged in a liquid.” (The Editors of Encyclopædia
Britannica, 2016).
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Base Flood Elevation (BFE): The computed elevation to which floodwater is
anticipated to rise during the base flood. The base flood is flood that has a 1-percent
chance of being equaled or exceeded in any given year (FEMA, 2020).
Buoyancy: The vertical force acting upwards on a building resulting from the building or
a building component becoming submerged in floodwater. The amount of buoyant
force created by floodwaters is based on Archimedes’ Principle (FEMA, 2009).
Design Flood Elevation (DFE): Base flood elevation plus freeboard. The elevation to
which flood protection and mitigation measured are required in a special flood hazard
area.
Freeboard: The factor of safety usually expressed in feet above a flood level for the
purposes of floodplain management. Freeboard compensates for a possible increase
in the elevation of floodwaters due to an unforeseen factor (FEMA, 2020).
Hydrostatic Loads: Differential hydrostatic pressures and forces associated with
floodwater act laterally and are typically caused by unequal levels of floodwater that
act upon components of a structure (FEMA, 2009).
Hydrodynamic Loads: The force generated by moving water. Water flowing around a
building or structural element during a flood event imposes lateral forces on the
building and building components. These lateral forces are a function of flow
velocity, structure geometry, and wave action, and include frontal contact on the
upstream side, drag along the sides, and suction on the downstream side. (FEMA,
2009).
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Static Foundation: For the purpose of this research, the static foundation will refer to
the static base foundation in the dual foundation system. This foundation is
constructed of reinforced concrete retaining walls within the ground and a permeable
concrete slab, in a manner consistent with a basement.
Restrained Foundation: For the purpose of this research, the restrained foundation will
refer to the upper foundation in the dual foundation system. This foundation remains
in full contact with the superstructure and maintains a watertight building envelope at
all times. This foundation is free to move vertically with rising and receding
floodwaters but is restricted from moving in other directions.
Six Degrees of Freedom of Motion: The six directions and orientations in which a
freely floating body of mass is subjected to move in three-dimensional space.
Displacements in the x, y, and z directions are known as surge, sway, and heave,
respectively. Rotations about the x, y, and z axes are known as roll, pitch, and yaw,
respectively (Gaythwaite, 1990).

Figure 3 - Six Degrees of Freedom of Motion (Nelson Publishing, Inc., 2013)

Literature Review
The notion of amphibious construction is not new, and the implementation of
amphibious designs have occurred in several locations worldwide. However, based on
15
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the limited availability of literature about the design of amphibious structures, the scale of
implementation has been primarily in small, residential pilot studies or on an individual
basis. Most of the relevant published research is architectural in nature and does not
provide in-depth analysis of the structural and restraining systems used, which are
necessary to formulate a set of engineering principles that can be implemented in a design
to simultaneously achieve buoyancy and stability in a variation of different applications.

Case Studies
The Buoyant Foundation Project – New Orleans, Louisiana
The Buoyant Foundation Project was founded in the aftermath of Hurricane
Katrina by Professor Elizabeth English and students from Louisiana State University.
This mitigation strategy was designed to serve as a retrofitting technique for shotgun
houses in New Orleans. In this specific application, buoyant blocks were attached to the
flood framing and, under normally dry conditions, were reinforced by sitting atop a
structural subframe. The structure was restricted from any lateral movement or torsion
by four vertical guidance posts (English, Klink, & Turner, Thriving with Water:
Developments in amphibious architecture in North America, 2016). Figure 4, on the
following page, provides an exploded axonometric diagram showing the structural
system.
The ability to retrofit an existing structure makes this initiative more costeffective than rebuilding the entire structure and less-expensive than statically elevating
the structure; however, one of the disadvantages to this method is the modular buoyancy
blocks remain completely visible during normally dry conditions (Anderson, 2014).

16

A PRESCRIPTIVE CRITERION FOR AMPHIBIOUS FOUNDATION DESIGN

Figure 4. The Buoyant Foundation Project (English, Klink, & Turner, Thriving with Water: Developments in
amphibious architecture in North America, 2016)

The FLOAT House – New Orleans, Louisiana
The Make It Right Foundation built 150 sustainable, flood-resistant homes in
New Orleans’ Lower Ninth Ward following Hurricane Katrina in 2005. Each house was
constructed atop a modular chassis, which was constructed of a fiber-reinforced concrete
covering over an expanded polystyrene foam (EPS) block. The superstructure was
guided by a set of two concrete guidance piers anchored to concrete pads in the ground
(Alarcon, 2012).
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Figure 5. The FLOAT House system (Alarcon, 2012)

Lakeview House – New Orleans, Louisiana
The designer of this project developed a solution to ensure the structure would be
buoyant by building atop a hollow steel box, which rested on a concrete foundation and
was connected to four wooden guidance posts. This project was completed, but the
structure was never approved for occupancy because amphibious design was not
considered an acceptable method of flood mitigation and resiliency in construction
(English, 2009).
Raccourci Old River Landing – Louisiana
Amphibious houses along the Raccourci Old River have been intact for over 30
years and have successfully proven they can rise and fall with floodwaters without
18
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experiencing catastrophic damage. These houses were typically elevated mobile homes,
with buoyance blocked attached to the underside of the superstructure, as shown in
Figure 6, below (Mikolasevic, 2015).

Figure 6. Raccourci Old River Landing mobile home during normally dry and flooded conditions (English, 2009).

Gaps in Knowledge
Based on the limited amount of relevant, available literature regarding
amphibious design, it is obvious that there are large gaps in the technical knowledge
pertaining specifically to the structural design of an amphibious foundation system.
The case studies previously presented do not encompass all case studies reviewed
in preparation of this research; however, the presented case studies are a representative
sample of the available information regarding amphibious structures. All of the
available, relevant literature reviewed provided information on initiatives with typically
small, rectangular, and modular applications. In addition, none of these applications
accounted for coastal risks, such as wave action on the exterior of the superstructure or on
the vertical restraints.
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No literature or documentation with detailed calculations of flood loads, buoyant
forces, or forces acting on the restraints were found in preparation of this research. In
addition, there is currently a lack of prevalent research, analysis, or initiatives that can
help in the development of a systematic approach to the structural design elements of an
amphibious structure that can be implemented on structures of any size, building
footprint, or configuration.

Advantages and Disadvantages of Amphibious Construction
The advantages of amphibious construction are abundant. Some of the most
widely acknowledged and accepted advantages are:
•

Wind loading on the structure is dramatically reduced compared to permanent
static elevation;

•

Protects the structure from floods that exceed the DFE;

•

Reduces the risk of damaging differential hydrostatic and hydrodynamic forces;

•

In some cases, allows residents to remain in their houses during flood events;

•

Accommodates for short-term sea level rise from flood inundation and storm
surge, and for long-term sea level rise and land subsidence;

•

Under normally dry conditions, structures remain fully accessible for disabled,
handicapped, or elderly individuals;

•

Protects against personal property damage from repetitive seasonal flooding and
rare extreme flooding; and
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•

Maintains the character of the neighborhood and preserves the traditional
relationship between the ground and house (English, Friedland, Orooji, &
Mahtani, 2015).
One of the biggest disadvantages to amphibious construction is that if the

restraints do not adequately resist lateral loads and movement is allowed, catastrophic
damage is guaranteed to ensue. Rotation or lateral displacement of the structure will
result in a weakened structural system that can lead to collapse or can result in the
structure breaking away from its restraining system, allowing the superstructure to move
freely with floodwaters and become a large piece of flood-borne debris.
Restraint failures of a barge-mounted floating casino in Biloxi, Mississippi
occurred during the passage of Hurricane Katrina (Robertson, Riggs, Yim, & Young,
2007). The Mississippi Gaming Commission’s hurricane preparedness policy, adopted in
1994, required casino vessels be “moored to withstand a Category 4 Hurricane with 155
mph winds and a 15 foot tidal surge” (Mississippi Gaming Commission, 1994). While
wind speeds during Hurricane Katrina did not exceed the design speed at this location,
storm surge from Katrina was estimated between 20-25 feet, which resulted in a failure of
the mooring system and the ultimate catastrophic failure of the structure (Robertson,
Riggs, Yim, & Young, 2007). Although the barge was not considered to be an
amphibious structure, the failure of the mooring system reinforces the importance of an
effective design for a restraining system under maximum loading conditions.
Governmental control of building codes and regulations is another major
disadvantage to amphibious construction. FEMA does not currently recognize
amphibious construction as an acceptable flood mitigation strategy. The prescriptive
21
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approach provided in this research is outlined in a way that it might be considered as an
acceptable mitigation strategy for flooding in the future.

Methodology
Design Considerations
Preliminary Design Considerations
Prior to the calculation of applicable design loads and design of adequate
restraints, preliminary design decisions must be considered. Additionally, the base flood
elevation (BFE) at the proposed site location must be determined using Flood Insurance
Rate Maps (FIRMs) and a Flood Insurance Studies (FISs) obtained through the NFIP.
The preliminary design considerations include the determination of applicable
building codes, development of a schematic floor plan, and material selection. Material
selection must address the type building materials to be used for exterior cladding, roof
covering, framing, interior walls, interior floor coverings, and desired size and spacing of
vertical restraints for adequate calculation of the dead load of the superstructure. The use
of HSS square tubes in the vertical restraining system can provide adequate strength and
stability for an amphibious structure, while simultaneously providing easy methods for
integration into the framing of the structure due to the orthogonal shape of the members.
FIRM’s and FIS’s for a given site location within a Special Flood Hazard Area
shall be used to determine the BFE for the proposed site. Many local jurisdictions require
freeboard above the BFE to serve as factor of safety in the event that a flood exceeds the
BFE, which has a 1-percent chance of occurrence in any given year.
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Additional Design Considerations
Additional design consideration that need to be made, but are not detailed in this
research, include a determination of the most technically feasible and cost-effective
utility lines (umbilical lines vs. self-sealing breakaway connections) and geotechnical
exploration of surrounding soils to determine best-practice solutions to reduce or prevent
liquefaction, shear-induced scour of supporting soils during a flood event, and lateral
forces acting on the foundation walls of the static foundation. In additions,
considerations would need to be made for limiting debris deposit below the
superstructure during a flood and removing deposited debris after a flood. One option
could include use of a self-locking system that anchors the superstructure in place if
debris is encountered and allows manual lowering of the superstructure after deposited
debris is removed.

Design Approach – Prescriptive Criteria
Selection of Applicable Building Codes
The building codes set forth by the authority having jurisdiction must be
determined for calculation of loads, applicable load factors, and applicable load case
combinations. Although not currently adopted in all jurisdictions, the 2018 International
Building Code (2018 IBC) is the most recent iteration of the building code. All iterations
of the IBC reference ASCE 7: Minimum Design Loads and Associated Criterial for
Buildings and Other Structures and ASCE 24: Flood Resistant Design and Construction
for determination of structural load calculations and requirements. ASCE 7-16 and
ASCE 24-14 are the most recent iterations of these references, respectively. The 2018
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IBC, ASCE 7-16, and ASCE 24-14 all provide the most applicable and stringent
requirements for construction and structural design, so these versions will be used and
referenced throughout this research.
Amphibious Dual-Foundation Design
The static foundation is built into the ground, similar to the construction of the
retaining walls and ground slab of a basement but without a ceiling or overhead floor
framing. The foundation walls can be constructed of poured concrete or concrete
masonry and should be designed to resist the lateral forces acting on the wall due to
retained soils and/or elevated hydrostatic pressure during a high-water table event. The
base of the static foundation should be a permeable material and have drains and/or
pumps installed to allow floodwater to exit the in-ground cavity following a flood event.
The amphibious foundation is a part of the superstructure and is free to move up
and down with rising or receding floodwaters, but it is restricted from movement or
rotation in any other direction by a system of vertical restraints. The amphibious
foundation is to be constructed of impermeable, waterproof reinforced concrete, with
watertight expansion/contraction joints. The thickness of the slab and walls of the
amphibious foundation should be a minimum of 1-foot to provide rigidity to the structure
and to help resist failure or a transfer of damaging loads from flood-borne debris impacts
and/or breaking waves. The required height of the buoyant foundation walls is a function
of the dead load and buoyancy of the structure and must equal or exceed the design flood
protection depth, dfp. Equations for calculation of the design flood protection depth of an
amphibious structure were developed based on the flood load principles outlined in
ASCE 7 and ASCE 24.
24
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Restrained
Foundation

Vertical Restraints

Static Foundation

Figure 7. Axonometric Diagram of static foundation, buoyant foundation, and vertical restraints

In coastal flood hazard areas, calculation of the flood protection depth accounts
for the height of a breaking wave, which is estimated to be approximately 78% of the
design stillwater flood depth, with 70% of the wave occurring above the stillwater flood
depth. For coastal flood hazard areas, Eq. (1) should be used to calculate the design flood
protection depth.
𝑑𝑓𝑝_𝑐𝑜𝑎𝑠𝑡𝑎𝑙 = 𝑑𝑏 + 0.7(0.78𝑑𝑏 ) + 𝑓𝑟𝑒𝑒𝑏𝑜𝑎𝑟𝑑

(1)

where:
dfp_coastal = Design flood protection depth in coastal flood hazard areas (ft)
db = Submerged depth of the buoyant structure (ft)

25

A PRESCRIPTIVE CRITERION FOR AMPHIBIOUS FOUNDATION DESIGN

For non-coastal flood hazard areas, the design flood protection depth accounts for
the stillwater flood depth and required freeboard in relation to the buoyancy of the
structure. For inland, non-coastal flood hazard areas, Eq. (2) should be used to calculate
the design flood protection depth.
𝑑𝑓𝑝_𝑖𝑛𝑙𝑎𝑛𝑑 = 𝑑𝑏 + 𝑓𝑟𝑒𝑒𝑏𝑜𝑎𝑟𝑑

(2)

where:
dfp_inland = Design flood protection depth in non-coastal flood hazard areas (ft)
db = Submerged depth of the buoyant structure (ft)
In both coastal and non-coastal flood hazard areas, the design flood protection
depth must be less than the height of the non-permeable walls of the buoyant foundation
to ensure that all associated flood loads are acting on the rigid diaphragm of the
foundation walls, rather than the exterior walls of the superstructure. If the design flood
protection depth exceeds the initial estimated height of the buoyant foundation walls, the
height of the walls should be increased, and dead loads and buoyancy of the structure will
need to be recalculated until the height of the non-permeable foundation walls exceed the
required design flood protection depth.
Dead and Live Loads
The dead load is equal to the self-weight of the structure, and is calculated based
on the weight of building materials, including the buoyant foundation, exterior walls,
cladding, interior walls, interior finishes, floors, roofs, stairs, etc. (ASCE, 2016). Unlike
typical dead load calculations, the weight of the static foundation and static portions of
the vertical restraints are negligible since these elements are not designed as part of the
buoyant superstructure.
26
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The live loads of a building include the loads produced during normal use and
occupancy of a building. Live loads are to be calculated in accordance with Chapter 4 of
ASCE 7.
The Residential Structural Design Guide, published by the U.S. Department of
Housing and Urban Development, provides tables that can be useful in estimating the
weight of common building materials and live loads (Coulbourne Consulting, 2017).
Flood Loads
There are five common types of loads associated with floods: buoyancy (vertical
hydrostatic loads), lateral hydrostatic loads, hydrodynamic loads, breaking wave loads,
and debris impact loads.
ASCE 7, ASCE 24, and FEMA P-55: Coastal Construction Manual provide
equivalent equations for calculating flood loads on a structure. As amphibious structural
design is not currently accepted as a flood protection measure by FEMA, the equations
provided in these documents are used to make design determinations for anchoring a
structure to prevent floatation and to prevent distress or failure from lateral flood loads.
The equations provided within FEMA P-55 were used as a basis for this design criteria
but have been modified to allow for controlled floatation of the superstructure.
Vertical Hydrostatic Force – Buoyancy
The buoyancy of a structure is based on Archimedes’ Principle, which states that
an object becomes buoyant when the weight of the object is equal to the weight of the
displaced water. The buoyant force, Fb, is calculated as:
𝐹𝑏 = 𝑊 = 𝛾𝑤 ∙ 𝑉

(3)
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where:
Fb = Buoyant force (lb)
W = weight of the submerged superstructure (lb)
γw = Specific weight of water (62.4 lb/ft3 for freshwater, 64 lb/ft3 for saltwater)
V = Volume of the displaced fluid (ft3)
Eq. (3) can be re-written to solve for the submerged depth of the buoyant
structure, db, as follows:

𝑑𝑏 =

𝑊
𝛾𝑤 ∙ 𝐴

(4)

where:
db = Submerged depth of the buoyant structure (ft)
A = Area of the displaced fluid (ft2)
The submerged depth of the buoyant structure, db, is the depth of floodwaters at
which the structure becomes buoyant and begins to move upward along the vertical
restraints. This depth also represents the maximum water level on the exterior buoyant
foundation walls of the superstructure under stillwater conditions, regardless of the actual
stillwater floor depth.

Figure 8. Superstructure during normally dry condition
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ds

db

Figure 9. Superstructure under buoyant condition during flooding with d s and db denoted

Lateral Hydrostatic Force
The lateral hydrostatic force accounts for the unequal pressure of floodwater
acting on the exterior side of the buoyant foundation wall, where no reactive force is
counteracting the force of the standing water.
FEMA P-55 provides an equation for lateral hydrostatic force, fstat; however, for
amphibious applications, this equation has been altered slightly to only account for the
depth of the floodwaters acting on the buoyant superstructure. The new equation has
been re-written in the following form:
1
𝑓𝑠𝑡𝑎𝑡 = 𝛾𝑤 ∙ 𝑑𝑏2
2

(5)

where:
fstat = Hydrostatic force per unit width (lb/ft)
γw = Specific weight of water (62.4 lb/ft3 for freshwater, 64 lb/ft3 for saltwater)
db = Submerged depth of the buoyant structure (ft)
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The equivalent point load of fstat, denoted at Fstat, acts on the exterior wall at a
location equal to ⅔ db below the surface of the water (FEMA, 2011).

𝐹𝑠𝑡𝑎𝑡 =

1
𝑓
∙𝑑
2 𝑠𝑡𝑎𝑡 𝑏

(6)

where:
Fstat = Total equivalent lateral hydrostatic force (lb)
fstat = Hydrostatic force per unit width (lb/ft)
db = Submerged depth of the buoyant structure (ft)
Hydrodynamic Force
Hydrodynamic force accounts for the loads imposed on a structure from moving
water. It includes a frontal impact in the direction of flow, drag effects on the sides of the
structure parallel to the water flow, and a negative suction pressure on the downstream
side of the structure (FEMA, 2011). Hydrodynamic force is a function of the velocity of
the moving floodwater. Prior to calculating the expected hydrodynamic force during the
design flood, the design velocity must be calculated. FEMA P-55 provides the following
equations for determining the design flood velocity, V:

Lower Bound
Upper Bound

𝑉=

𝑑𝑠
𝑡

𝑉 = (𝑔 ∙ 𝑑𝑠 )0.5

(7)
(8)

where:
V = Design flood velocity (ft/s)
ds = Design stillwater flood depth (ft)
t=

1 second

g = Gravitational constant (32.2 ft/s2)
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For a conservative estimate, the upper bound should be used in the calculation for
hydrodynamic force to produce the maximum expected hydrodynamic loading on the
superstructure and vertical restraining system. The hydrodynamic force, Fdyn, acts at a
location halfway between the stillwater elevation and the bottom of the wall of the
buoyant structure (½ db) and is calculated using the following equation:

𝐹𝑑𝑦𝑛 =

1
𝐶 ∙ 𝜌 ∙ 𝑉2 ∙ 𝐴
2 𝑑

(9)

where:
Fdyn = Horizontal drag force (lb)
Cd = Drag coefficient (See Table 1)
ρ = Mass density of fluid (1.94 slugs/ft3 for freshwater, 1.99 slugs/ft3 for saltwater)
V = Design flood velocity (ft/s, use upper bound for conservative estimate)
A = Surface area of the obstruction normal to flow (ft2)
Table 1. Drag Coefficients (Cd) (FEMA, 2011)
Width-to-Depth Ratio
(w/d or w/h)
Square or Rectangular
Piles
Round Piles
1–12
13–20
21–32
33–40
41–80
81–120
>120

Drag Coefficient
(Cd)
2.0
1.2
1.25
1.3
1.4
1.5
1.75
1.8
2.0

Flood-Borne Debris Impact
During flooded conditions, loose objects often become buoyant and move with
the velocity of the floodwaters and can impact the side of structures in their paths. Floodborne debris can vary in size from small objects weighing less than one pound to large
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objects, such as damaged portions of buildings, utility poles, previously embedded piles,
empty storage tanks, etc. For design purposes, FEMA suggests using 1,000 lbs. as the
weight of potential flood-borne debris to provide a conservative estimate (FEMA, 2011).
The FEMA equation for flood-borne debris impacts is:
𝐹𝑖 = 𝑊 ∙ 𝑉 ∙ 𝐶𝐷 ∙ 𝐶𝐵 ∙ 𝐶𝑆𝑡𝑟

(10)

where:
Fi = Impact force acting at the stillwater elevation (lb)
W = Weight of the object (1,000 lb. for conservative estimate)
V = Velocity of water ((ft/s, use upper bound for conservative estimate)
CD = Depth Coefficient (See Table 2)
CB = Blockage Coefficient (See Table 3)
CStr = Building structure coefficient
0.2 for timber piles and masonry column supported structures 3 stories or less in
height above grade
0.4 for concrete pile or concrete or steel moment resisting frames 3 stories or less
in height above grade
0.8 for reinforced concrete foundation walls (including insulated concrete forms)
Table 2. Depth Coefficient (CD) (FEMA, 2011)
Flood Hazard Zone and Water Depth
Floodway or Zone V
Zone A, stillwater flood depth ≥ 5 ft
Zone A, stillwater flood depth = 4 ft
Zone A, stillwater flood depth = 2.5 ft
Zone A, stillwater flood depth ≤ 1 ft

Depth Coefficient (CD)
1.0
1.0
0.75
0.375
0.0

Table 3. Blockage Coefficient (CB) (FEMA, 2011)
Degree of Screening or Sheltering within 100 ft
Upstream
No upstream screening, flow path wider than 30 ft
Limited upstream screening, flow path 20-ft wide
Moderate upstream screening, flow path 10-ft wide
Dense upstream screening, flow path less than 5-ft wide

Blockage Coefficient
(CB)
1.0
0.6
0.2
0.0
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Breaking Wave Loads
Breaking wave loads are only considered in coastal flood hazard areas. FEMA P55 outlines two equations for breaking wave loads – one for breaking waves loads on
vertical piles and one for breaking wave loads on vertical walls. In the case of
amphibious construction, the breaking wave is expected to act on the buoyant foundation
walls of the superstructure, and these reinforced concrete foundation walls are designed
to take the force of the breaking wave. The breaking wave load acts as the stillwater
elevation along the wall. The equation from FEMA P-55 used to calculate the breaking
wave load, fbrkw, on a vertical wall with enclosed dry space behind the wall, has been
modified for applicability in an amphibious structure as follows:
𝑓𝑏𝑟𝑘𝑤 = 1.1𝐶𝑝 ∙ 𝛾𝑤 ∙ 𝑑𝑏2 + 2.4𝛾𝑤 ∙ 𝑑𝑏2

(11)

where:
fbrkw = Total breaking wave load per unit length of wall (lb/ft)
Cp = Dynamic pressure coefficient (See Table 4)
γw = Specific weight of water (62.4 lb/ft3 for freshwater, 64 lb/ft3 for saltwater)
db = Submerged depth of the buoyant structure (ft)
Table 4. Dynamic Pressure Coefficient (Cp) (ASCE, 2016)
Building Risk Category
I
II
III
IV

Dynamic Pressure
Coefficient (CP)
1.6
2.8
3.2
3.5
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Flood Load Combinations
FEMA P-55 recognizes the improbability that structures will experience the full
force of all different types of flood loads simultaneously. The selection of a design flood
load, Fa, to be used in the global load case combinations outlined in ASCE 7, is
determined based on the Flood Load Combinations outlined in FEMA P-55. The flood
load combinations provided within FEMA P-55 are shown in Figure 10. The load case
combination for the flood loads acting on the restraints and the flood loads acting on the
buoyant foundation wall will need to be determined separately for an amphibious
structural design. It should be noted that only the hydrodynamic forces will apply to the
flood loads on the restraints since the breaking wave load and impact loads are applied at
the stillwater elevation height, which will always act along the side of the buoyant
foundation walls, and not on the vertical retraining system.

Figure 10. Flood Load Combinations for Selection of Flood Loads, Fa, to be used in ASCE 7 Load Case Combinations
for Global Forces (FEMA, 2011)

Wind Loads
Wind loads are to be calculated in accordance with the standard procedures
outlined in Chapters 26 and 27 of ASCE 7-16. Basic wind speeds are to be determined
using the wind speed maps provided for the appropriate risk category. The major
difference between calculation of wind loads on an amphibious structure versus a static
structure, is that the wind loads only act on the portions of the superstructure above the
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stillwater flood elevation. By limiting the height of the structure subjected to wind loads,
the overall wind forces are reduced in comparison to a statically elevated structure.
Load Case Combinations
The governing allowable stress design (ASD) load case combination (LCC), with
flood loads factored in, must be determined from the load case combinations presented
within ASCE 7. Flood provisions for load combinations are discussed in Section 2.4.2 of
ASCE 7-16, which states the following:
“When a structure is located in a flood zone, the following load combinations
shall be considered in addition to the basic combinations in Section 2.4.1:
1. In V-Zones or Coastal A-Zones, 1.5Fa shall be added to other loads in
combinations 5, 6, and 7.
2. In non-coastal A-Zones, 0.75Fa shall be added to combinations 5, 6,
and 7 (ASCE, 2016)”
Table 5. ASD Load Combinations for Coastal Zones (ASCE, 2016)
1.
2.
3.
4.
5.
6.
7.

D
D+L
D + (Lr or S or R)
D + 0.75L + 0.75(Lr or S or R)
D + 0.6W + 1.5Fa
D + 0.75L + 0.75(0.6W) + 0.75(Lr or S or R) + 1.5Fa
0.6D + 0.6W + 1.5Fa

Table 6. ASD Load Combinations for Non-Coastal Zones (ASCE, 2016)
1.
2.
3.
4.
5.
6.
7.

D
D+L
D + (Lr or S or R)
D + 0.75L + 0.75(Lr or S or R)
D + 0.6W + 0.75Fa
D + 0.75L + 0.75(0.6W) + 0.75(Lr or S or R) + 0.75Fa
0.6D + 0.6W + 0.75Fa
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The governing LCC will be used to determine the sizing and spacing of the
vertical restraints to prevent the structure from moving laterally or rotating while in a
buoyant condition during a flood. As all vertical forces are counteracted by the buoyant
force of the floodwaters, the dead and live loads of the structure are negligible in the
determination of the applicable LCC. Only lateral forces will be accounted for in the
LCC calculations listed above for the purpose of designing an adequate vertical
restraining system.
Reinforced Concrete Buoyant Foundation Wall Design
The thickness of the reinforced concrete foundation wall shall be a minimum of
12 inches to provided rigidity to the structure. In theory, the foundation wall acts as a
simply supported pinned-pinned beam. The maximum moment of the wall is determined
using the equation:
𝑀𝑚𝑎𝑥 =

𝑃𝐿
4

(12)

where:
Mmax = Maximum moment (ft-lb/lf)
P = Point Load (Governing flood load combination with a multiplier of either 1.5
for coastal zones or 0.75 for non-coastal zones, per ASCE 7-16)
L = db = Submerged depth of the buoyant structure (ft)
The concrete wall is then to be analyzed as a tension-compression couple with a
moment arm of “jd”. The tension, T, experienced by the concrete wall is calculated as:
𝑇=

𝑀𝑚𝑎𝑥
𝑗𝑑

(13)
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where:
T = tension (lb/ft)
Mmax = Maximum moment (ft-lb/lf)
j=

factor depended on the reinforcement ratio

d = distance from extreme compression to the centroid of the rebar (ft)
The required minimum area of reinforcement calculated can be used to select the
appropriate size of rebar from ACI 318: Building Code Requirements for Structural
Concrete. The weight of the selected size of the rebar in the concrete foundation walls of
the buoyant foundation should be reflected in the calculations for dead loads of the
structure.
Vertical Restraining System Design
The vertical restraints shall be constructed with steel HSS square tubes. The
spacing and sizing of the vertical restraints is depended on the lateral forces acting on the
superstructure during flooded conditions, which will include lateral wind and flood loads.
The vertical restraints are a two-part system in which a smaller HSS member is inserted
into a second closely fitting, larger HSS member acting as a guidance sleeve, allowing
the both HSS members to move up or down independently of each other.

Figure 11. HSS restraining system at rest (left) and during buoyant condition (right)
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The length of both members can be variable, with a maximum height equal the
height of the superstructure. The larger HSS member shall be embedded in the concrete
foundation walls of the buoyant foundation and framed within the exterior walls above
the foundation walls (Figure 12). The smaller HSS member shall be welded to a steel
base plate connected to the base of the static foundation with a tension-control (TC)
bolted connection (Figure 13).

Figure 12. HSS steel restraining system embedded in concrete buoyant foundation walls and framed into exterior wall

Figure 13. Conceptual section detail of the HSS members of the restraining system design
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The spacing of the HSS restraints can be initially set at any distance. It should be
noted that the further apart the restraints are placed, the larger their tributary area, and
consequently, the larger percentage of loads each individual member will carry. A
reasonable initial assumption for spacing of vertical restraints is 10 feet on center.
The smaller HSS member shall be analyzed to determine if the available capacity
exceeds the calculated design loads at the design flood elevation and at the maximum
flood elevation. If the smaller HSS member fails in bending or shear under either of
these loading conditions, a larger HSS member must be selected and/or the spacing of the
HSS members must be reduced. Once the sizing and/or spacing of the HSS members is
changed, the self-weight (dead load) of the superstructure will increase. An increase in
dead load will affect the buoyant depth of the superstructure and alter both the flood and
wind loads. Another possible consideration for increasing the capacity of the selected
HSS member without changing this sizing or spacing of the restraints would be to create
a composite structural member by filling the interior of the smaller HSS with concrete.
It is important that the exterior width of the smaller HSS member is as close as
possible to the size of the interior opening of the larger HSS sleeve to minimize the
allowable degree of rotation of the superstructure.

Example Design Problem
This design problem is included to provide an example of how the methodology
and equations outlined in the prescriptive design criteria are utilized in a site-specific
design of an amphibious structure with a dual foundation system. The site selection,
design considerations, and assumptions made in this example problem were specifically
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determined to replicate a worst-case scenario in terms of flood hazard potential; to ensure
that structures with high dead and live loads can achieve buoyancy; and to ensure that
properly sizes and spaced square HSS steel members can provide adequate strength to
resist lateral loads and rotation during flooded conditions. The example design problem
provided herein was successful, thus reinforcing that the prescriptive criteria developed
and outlined in this research is an acceptable method for the structural design of an
amphibious structure.

Site Selection
The proposed site location for this design problem is located in Mexico Beach,
Bay County, Florida. This site was selected due to its coastal location, high surge hazard,
high BFE, and recent catastrophic flooding due to storm surge during the passage of
Hurricane Michael in October 2018. The proposed site location is located within Zone
AE of the Special Flood Hazard Area and is located approximately 375 feet northeast of
the coast of the Gulf of Mexico, the closest body of water. The elevation of grade at the
site location is approximately 9 feet above sea level according to Google Earth. The
location of the site is indicated by a red star on the aerial image below (Figure 14).

Figure 14. Proposed location of site for example design problem (EagleView Aerial Imagery, 01/22/2013)
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The FIS for Bay County, Florida and Incorporated Areas was used to determine
the BFE for the proposed site location. The most recent available FIS was issued by
FEMA on June 2, 2019. The FIS provides a summary of coastal stillwater elevations,
included as Figure 15, below, which indicates that the BFE for a 1-percent base flood for
open coast shorelines along the Gulf of Mexico is 10.1 feet NAVD 88 and includes a
wave setup of 2.5 feet (FEMA, Flood Insurance Study Number 12005CV000B, 2009).

Figure 15. Summary of Coastal Stillwater Elevations for Bay County, FL from FIS (FEMA, Flood Insurance Study
Number 12005CV000B, 2009)

Preliminary Design Considerations
The schematic design of the proposed structure is an approximately 4,200 square
foot, single-family residence which features two-stories and a basement. The exterior
walls of the buoyant foundation are to be constructed of reinforced concrete with a
thickness of 12 inches up to the height of the design flood protection depth and standard
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wood-framed construction above the height of the required design flood protection depth.
The selected roof pitch is 6:12. The height of the superstructure from the bottom of the
buoyant foundation to the top of the roof ridge is 39 feet. To provide a conservative
estimate, the exterior cladding, roof covering, and floor coverings were selected to be
brick veneer, ceramic tiles, and combination of ceramic tile and hardwood floors,
respectively. These materials were selected due to their high self-weight in order to
maximize the dead load of the structure. The schematic floor plan of the proposed
structure is provided in Figure 16, below.

Figure 16. Schematic Floor Plan of Proposed Structure for Design Example

The building footprint selected was not perfectly square or rectangular in shape,
so as to illustrate that the design criteria can be implemented in buildings with any
footprint shape or orientation.

Basic Load Calculations and Load Case Combinations
Dead Loads
The dead load of the structure was calculated based on the self-weight of the
building materials selected as preliminary design considerations and the schematic floor
plan of the proposed structure. The total dead load of the subject structure was calculated
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to be 720,979 pounds. Table 7 summarizes the weights of the buoyant foundation, first
floor, second floor, and roof used to calculate the total dead load of the structure. Table 8
outlines the values used to obtain the total dead load of the structure broken down by
common residential construction materials from the U.S. Department of Housing and
Urban Development Residential Structural Design Guide (Coulbourne Consulting, 2017).
The table of Dead Loads for Common Residential Construction from the Residential
Structural Design Guide which was used in calculation of dead loads is included in
Appendix A.
Table 7. Total Dead Load of the Structure
Area of Structure
Buoyant Foundation
First Floor
Second Flood
Roof
TOTAL DEAD LOAD

Weight (lb)
528,360
100,200
90,912
1,507
720,979

THIS SPACE LEFT BLANK INTENTIONALLY.
REPORT CONTINUES ON NEXT PAGE.
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Table 8. Calculation of Self-Weight of Residential Construction Building Materials
Surface
Unit
BUOYANT
Length Height Thickness
Area
Weight
(ft)
(ft)
(ft)
FOUNDATION
(sf)
(pcf)
Concrete slab
Rebar in concrete
slab
(x-direction)
Rebar in concrete
slab
(y-direction)
Concrete Exterior
Foundation Walls

Vertical rebar in
concrete
foundation walls
Horizontal rebar
in concrete
foundation walls
HSS 6 x 6 x ½
guidance sleeves

1,480

--

--

1

150

Nominal
Weight
(plf)
--

--

44

--

--

--

3.4

18

2,693

--

36

--

--

--

3.4

22

2,693

-------

23
8
13
36
36
44

16
16
16
16
16
16

1
1
1
1
1
1

150
150
150
150
150
150

-------

-------

55,200
19,200
31,200
86,400
86,400
105,600
4,080

--

15

--

--

--

3.4

80

--

160

--

--

--

3.4

7

--

30

--

--

--

35.24

19

Quantity

Weight
(lb)

--

111,000

3,808

20,087

SUBTOTAL
FIRST FLOOR
Exterior walls,
brick veneer
Interior walls
Floor
construction,
ceramic tile

528,360
Area (sf)

Length (ft)

Height (ft)

Uniform Load
(psf)

Weight (lb)

--

160

10

45

72,000

--

100

10

6

6,000

1,480

--

--

15

22,200

SUBTOTAL
SECOND
FLOOR
Exterior walls,
brick veneer
Interior walls
Floor
construction,
hardwood

100,200
Area (sf)

Length (ft)

Height (ft)

Uniform Load
(psf)

Weight (lb)

--

144

10

45

64,800

--

176

10

6

10,560

1,296

--

--

12

15,552

SUBTOTAL
ROOF
Roof construction,
ceramic tile

90,912
Surface Area (sf)

Uniform Load (psf)

Weight (lb)

1,480

27

1,507
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Live Loads
The live loads were calculated using the values provided in the Live Loads for
Residential Construction table in U.S. Department of Housing and Urban Development
Residential Structural Design Guide (Coulbourne Consulting, 2017). The live loads
calculated for the subject structure are summarized in Table 9.
Table 9. Total Live Loads of the Structure
Live Loads
Area (sf)
Roof
1,480
Attic with Storage
1,296
Bedrooms
537
Garage
495
Stairs
40
Other Areas
1,704
TOTAL LIVE LOAD

Uniform Load (psf)
20
20
30
50
40
40

Weight (lb)
29,600
25,920
16,110
24,750
1,600
68,160
166,140

Flood Loads
Vertical Hydrostatic Force – Buoyancy
The buoyant force acting vertically on the underside of the buoyant foundation of
the superstructure is equivalent to the total weight of the structure, W.
𝐹𝑏 = 𝑊 = 𝐷𝐿 + 𝐿𝐿 = 720,979 𝑙𝑏𝑠 + 166,140 𝑙𝑏𝑠 = 887,119 𝑙𝑏𝑠.

(14)

Using the calculated value for buoyant force, Eq. (4) was used to determine
submerged depth of the buoyant structure.

𝑑𝑏 =

𝑊
887,119 𝑙𝑏𝑠
=
= 𝟗. 𝟑𝟔𝟔 𝒇𝒕.
𝛾𝑤 ∙ 𝐴 (64 𝑙𝑏 ) (1,480 𝑓𝑡 2 )
𝑓𝑡 2

(15)

where:
W = 887,119 lbs.
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γw = 64 lb/ft3 for saltwater since the site is in a coastal flood hazard area
A = 1,480 ft2
This calculation reveals that the structure is static until the stillwater elevation of a
flood event equals or exceeds a depth of 9.366 feet, at which point the structure becomes
buoyant and begins to rise with the rising floodwater. The required depth for buoyancy
in this example is relatively high due to the heavy construction materials selected. Use of
lighter construction materials, such as vinyl siding versus brick veneer or asphalt
composition shingles versus ceramic tiles, would result in the structure becoming buoyant
at a much lower stillwater flood depth.
Once the submerged depth of the buoyant structure was determined, the design
flood protection depth, dfp, was calculated to ensure that the specified height of the
concrete foundation walls of the buoyant foundation was adequate. For this example, Eq.
(1) was used to calculated dfp because the proposed structure is located in a coastal flood
hazard area. Freeboard of 1-foot was used for an additional factor of safety.
𝑑𝑓𝑝_𝑐𝑜𝑎𝑠𝑡𝑎𝑙 = 𝑑𝑏 + 0.7(0.78𝑑𝑏 ) + 𝑓𝑟𝑒𝑒𝑏𝑜𝑎𝑟𝑑

(16)

= 9.366 𝑓𝑡 + 0.7(0.78 × 9.366 𝑓𝑡) + 1𝑓𝑡
= 𝟏𝟓. 𝟒𝟖 𝒇𝒕.
In this example, the specified height of the buoyant foundation walls was 16 feet,
which is greater than the required minimum flood protection depth of 15.48 feet;
therefore, the specified height of the buoyant foundation walls is adequate. However, IF
the minimum calculated design flood protection depth was greater than the specified
height of the buoyant foundation walls, the height of the walls would be required to be
increased and dead loads, live loads, submerged depth of the buoyant structure, and the
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minimum design flood protection would all need to be recalculated. This trial-and-error
process would be required to continue until the height of the buoyant foundation walls
exceeded the minimum required flood protection. It should be noted that the values for
both the height of the buoyant foundation walls and minimum required flood protection
should be as close as possible while still achieving the required criteria in order to
minimize the weight of the superstructure and minimize the cost of implementing the
amphibious mitigation strategy.
Lateral Hydrostatic Force
The lateral hydrostatic force was calculated using Eq. (5):
1

1

𝑙𝑏

𝒍𝒃

𝑓𝑠𝑡𝑎𝑡 = 2 𝛾𝑤 ∙ 𝑑𝑏2 = 2 (64 𝑓𝑡 3 ) (9.366 𝑓𝑡 2 ) = 𝟐, 𝟖𝟎𝟔. 𝟗𝟐𝟓 𝒇𝒕

(17)

where:
γw = 64 lb/ft3 for saltwater since the site is in a coastal flood hazard area
db = 9.366 ft
The distributed load for lateral hydrostatic force was converted to a point load
using Eq. (6):

𝐹𝑠𝑡𝑎𝑡 =

1
1
𝑙𝑏
𝑓𝑠𝑡𝑎𝑡 ∙ 𝑑𝑏 = (2,806.925 ) (9.366 𝑓𝑡)
2
2
𝑓𝑡

(18)

= 𝟏𝟑, 𝟏𝟒𝟒. 𝟒𝟏𝟏 𝒍𝒃.

The point load for the lateral hydrostatic force, Fstat, acts on the side of the
buoyant foundation wall at a location of ⅔ db, which is equal to 6.244 feet, below the
surface of the stillwater elevation.
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Hydrodynamic Force
The upper bound for the design flood velocity was calculated using Eq. (8):

𝑓𝑡
× 10.1 𝑓𝑡)0.5
2
𝑠
𝒇𝒕
= 𝟏𝟖. 𝟎
𝒔

𝑉 = (𝑔 ∙ 𝑑𝑠 )0.5 = (32.2
Upper Bound

(19)

where:
ds = Design stillwater flood depth (ft) = BFE from the FIS = 10.1 ft.
t=

1 second

g = 32.2 ft/s2
The upper bound design velocity was then used to calculate the hydrodynamic
force from the velocity of the moving floodwaters using Eq. (9). Since the amphibious
structure will have both foundation walls and restraints exposed below the depth of the
stillwater elevation, the hydrodynamic force on each element must be calculated
separately. The hydrodynamic force on the restraints was calculated at both the DFE and
at the maximum allowable flood elevation (MFE). The MFE is the point at which the
restraining system reaches its vertical limit.
The hydrodynamic force acting on the restraints at the DFE was calculated as:
1
𝐹𝑑𝑦𝑛_𝑟𝑒𝑠𝑡𝑟𝑎𝑖𝑛𝑡𝑠_𝐷𝐹𝐸 = 𝐶𝑑 ∙ 𝜌 ∙ 𝑉 2 ∙ 𝐴
2
1
𝑠𝑙𝑢𝑔𝑠
𝑓𝑡 2
(2.0)
(1.99
) (18.0 ) (0.31𝑓𝑡 2 )
=
2
𝑓𝑡 3
𝑠
= 𝟏𝟗𝟖. 𝟎𝟏 𝒍𝒃.

(20)

where:
Cd = 2.0 for square piles (From Table 1)
ρ = 1.99 slugs/ft3 for saltwater since the site is in a coastal flood hazard area
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V = 18.0 ft/s
ADFE = (w)(hDFE) = (5 in./12 in per ft)(10.1 – 9.366 ft) = 0.31 ft2

The hydrodynamic force acting on the restraints at the MFE was calculated as:
1
𝐶 ∙ 𝜌 ∙ 𝑉2 ∙ 𝐴
2 𝑑
1
𝑠𝑙𝑢𝑔𝑠
𝑓𝑡 2
)
(18.0
) (8.33𝑓𝑡 2 )
= (2.0) (1.99
3
2
𝑓𝑡
𝑠
= 𝟓, 𝟑𝟗𝟑. 𝟐𝟑 𝒍𝒃.

𝐹𝑑𝑦𝑛_𝑟𝑒𝑠𝑡𝑟𝑎𝑖𝑛𝑡𝑠_𝑀𝐹𝐸 =

(21)

where:
Cd = 2.0 for square piles
ρ = 1.99 slugs/ft3 for saltwater since the site is in a coastal flood hazard area
V = 18.0 ft/s
AMFE = (w)(hmax) = (5 in./12 in per ft)(20 ft) = 8.33 ft2

The hydrodynamic force acting on the buoyant foundation walls below the
stillwater elevation at or above the DFE was calculated as:
1
𝐹𝑑𝑦𝑛_𝑤𝑎𝑙𝑙 = 𝐶𝑑 ∙ 𝜌 ∙ 𝑉 2 ∙ 𝐴
2
1
𝑠𝑙𝑢𝑔𝑠
𝑓𝑡 2
) (18.0 ) (9.366 𝑓𝑡 2 )
= (1.25) (1.99
2
𝑓𝑡 3
𝑠
= 𝟑, 𝟕𝟖𝟖. 𝟑𝟓𝟔 𝒍𝒃. 𝒑𝒆𝒓 𝒍𝒊𝒏𝒆𝒂𝒓 𝒇𝒐𝒐𝒕 𝒐𝒇 𝒘𝒂𝒍𝒍

(22)

where:
Cd = 1.25 (From Table 1, where w/db = 4.70)
ρ = 1.99 slugs/ft3 for saltwater since the site is in a coastal flood hazard area
V = 18.0 ft/s
ADFE = (w)(db) = (1 ft wide section of wall)(9.366 ft) = 9.366 ft2
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Flood-Borne Debris Impact
The FEMA suggested design weight of 1,000 lbs. for potential flood-borne debris
was used and the impact force was calculated using Eq. (10).

𝐹𝑖 = 𝑊 ∙ 𝑉 ∙ 𝐶𝐷 ∙ 𝐶𝐵 ∙ 𝐶𝑆𝑡𝑟 = (1,000 𝑙𝑏) (18.0
= 𝟏𝟒, 𝟒𝟐𝟕. 𝟎𝟖𝟔 𝒍𝒃.

𝑓𝑡
) (1.0)(1.0)(0.8)
𝑠

(23)

where:
W = 1,000 lb. (Conservative estimate recommended by FEMA)
V = 18.0 ft/s
CD = 1.0 for Zone AE with a stillwater depth ≥ 5 ft (From Table 2)
CB = 1.0 for no upstream screening with a flow path wider than 30 ft. due to site
location along open coastline (From Table 3)
CStr = 0.8 for reinforced concrete foundation walls

Breaking Wave Loads
The breaking wave load on the buoyant foundation walls, with enclosed dry space
behind the wall, was calculated using Eq. (11).
𝑓𝑏𝑟𝑘𝑤 = 1.1𝐶𝑝 ∙ 𝛾𝑤 ∙ 𝑑𝑏2 + 2.4𝛾𝑤 ∙ 𝑑𝑏2
𝑙𝑏
= [1.1(2.8) (64 3 ) (9.366 𝑓𝑡)2 ]
𝑓𝑡
𝑙𝑏
+ [2.4 (64 3 ) (9.366 𝑓𝑡)2 ]
𝑓𝑡
= 𝟑𝟎, 𝟕𝟔𝟑. 𝟖𝟗𝟒 𝒍𝒃. 𝒑𝒆𝒓 𝒍𝒊𝒏𝒆𝒂𝒓 𝒇𝒐𝒐𝒕 𝒐𝒇 𝒘𝒂𝒍𝒍

(24)

where:
Cp = 2.8 for Building Risk Category II (From Table 4)
γw = 64 lb/ft3 for saltwater since the site is in a coastal flood hazard area
db = 9.366 ft.
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Flood Load Combinations
The flood load combinations provided in FEMA P-55 were used to determine the
selection of the Flood Load, Fa, to be used in the ASCE 7 load case combinations for
global forces.
For the flood forces acting on the restraints, only the hydrodynamic force, Fdyn, is
applicable, so the governing load was determined to be the maximum hydrodynamic
force acting on the restraints, equal to 5,393.23 pounds, which occurs at the maximum
flood elevation.
For the flood forces acting on the solid, buoyant foundation wall,
𝐹𝑏𝑟𝑘𝑤 > 𝐹𝑑𝑦𝑛 + 𝐹𝑖
30,763.894 𝑙𝑏. > 3,788.356 𝑙𝑏. + 14,427.086 𝑙𝑏.
30,763.894 𝑙𝑏. > 18,215.441 𝑙𝑏.
Therefore, the breaking wave force of 30,763.894 pounds governs for the flood
load case acting on the buoyant foundation wall.
Wind Loads
The wind loads acting on the structure were calculated in compliance with
Chapters 26 and 27 of ASCE 7-16. The wind parameters used for the subject structure in
this design example are summarized in Table 10.
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Table 10. Wind Parameters Used for Design Example
ASCE 7-16 Reference Section
Risk Category
Basic Wind Speed*
Wind Directionality Factor, Kd
Exposure Category
Topography Factor, Kzt (assumed)
Ground Elevation Factor, Ke
Velocity Pressure Coefficients, Kh and Kz
z = 0 – 15 ft.
z = 20 ft.
z = 25 ft.
z = 30 ft.
Velocity Pressure,
qz = 0.00256 Kz Kzt Kd Ke V2
Gust-Effect Factor
Enclosure Classification
Internal Pressure Coefficient, GCpi

II
180 mph
0.85
D
1.0
1.0

Section 26.5
Section 26.6
Section 26.7
Section 26.8
Section 26.9

1.03
1.08
1.12
1.16

Section 26.10

See Table 11

Section 26.10

0.85
Enclosed
0.18
-0.18

Section 26.11
Section 26.12
Section 26.13

* Note: The basic wind speed for the location of the proposed structure was 160 mph according to the
Basic Wind Speed map in ASCE 7-16; however, a basic wind speed of 180 mph was used instead to
ensure that the design of the vertical restraints can withstand the wind loads calculated from the maximum
design wind speeds in the continental United States. The basic wind speed map from ASCE 7-16 is
attached in Appendix A.

With a roof pitch of 6:12 and a gable end wall with a length of 36 feet, the height
of the roof, from the gable eave to the ridge, was calculated to be 9 feet. The subject
structure will have a mean roof height of 34.5 feet under normally dry conditions; a mean
roof height of 25.134 feet in its’ buoyant state (once the floodwaters have met or
exceeded the value of db); and a variable mean roof height between 25.134 – 34.5 feet
during flooded conditions where the stillwater elevation is below the design flood depth
required to make the structure buoyant.
Table 11. Summary of Velocity Pressures Under Flooded Condition
Mean Basement Height, hb
Mean First Floor Height, h1
Mean Second Floor Height, h2
Mean Roof Height, haw

h (ft)
-0.183
5.634
15.634
25.134

Kz
1.03
1.03
1.03
1.16

qz (psf)
72.62
72.62
72.62
81.78
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The wall and roof pressure coefficients, Cp, used were obtained and/or
interpolated from values provided in ASCE 7-16 (ASCE, 2016). The applicable figure
from ASCE 7-16 is included in Appendix A.
Table 12. Wind Pressure Coefficients, Cp
Pressure Coefficients, Cp
Windward Wall
0.8
Leeward Wall
-0.5
Side Wall
-0.7
Windward Roof
-0.34
-0.02
Leeward Roof
-0.6

Wind Pressures Under Normally
Dry Condition

Wind Pressures Under
Flooded Condition

Figure 17. Wind Pressure Diagrams for the Structure Under Dry and Flooded Conditions

The calculated external pressures due to wind under flooded conditions are
summarized in Table 13, on the following page.
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Table 13. External Pressures During Design Flood

Windward Wall

Windward Roof
Leeward Roof
Leeward Wall
Side Walls

Pressure

Cp

qz
(psf)

qGCp
(psf)

1-ft wide section
(plf)

P1
P2
P7
P3
P3
P4
P5
P6
P8
P9

0.8
0.8
0.8
-0.34
-0.02
-0.6
-0.5
-0.5
-0.5
-0.7

72.62
72.62
72.62
81.78
81.78
81.78
72.62
72.62
72.62
81.78

49.38
49.38
49.38
-23.33
-1.41
-41.71
-30.86
-30.86
-30.86
-48.66

493.80
493.80
484.43
-209.94
-12.72
-375.38
-308.62
-308.62
-317.99

Load Case Combinations
The ASD Load Case Combinations (LCCs) provided in ASCE 7-16 can be
modified to include flood loads in both coastal and non-coastal zones and were
previously outlined in Tables 5 and 6. For this design example, the flood load, Fa,
applied to LCC #5, LCC #6, and LCC #7 was multiplied by a factor of 1.5 because the
proposed structure is located in a coastal flood hazard area. The three LCC’s which
account for flood loads are calculated under flooded conditions, which means that all
vertical loads are negligible due to the buoyancy of the structure. The LCC’s are
rewritten to only account for lateral loading as follows:
𝐿𝐶𝐶 #5 = 0.6𝑊 + 1.5𝐹𝑎

(25)

𝐿𝐶𝐶 #6 = 0.75(0.6𝑊) + 1.5𝐹𝑎

(26)

𝐿𝐶𝐶 #7 = 0.6𝑊 + 1.5𝐹𝑎

(27)
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LCC #5 and LCC #7 became identical equations and were determined as the
governing LCC for an amphibious design, as this equation has the greatest load factor for
wind loads, while all three equations have equal load factors for flood loads.

Design of Reinforced Concrete Buoyant Foundation Wall
The reinforced concrete buoyant foundation wall was designed to take the force of
the governing flood load on the foundation wall, which was determined to be the
breaking wave load of 30,763.98 pounds per linear foot.
The maximum moment of the foundation wall was calculated using Eq. (12).

𝑀𝑚𝑎𝑥 =

𝑃𝐿 (46,145.84 𝑝𝑙𝑓)(9.366 𝑓𝑡)
=
= 𝟏𝟎𝟖, 𝟎𝟒𝟕. 𝟏 𝒇𝒕 ∙ 𝒑𝒍𝒇
4
4

(28)

where:
P = 1.5 (30,763.89 plf) =46,145.84 plf (Factored design flood load)
L = db = 9.366 ft
Using the maximum moment, the tension in the concrete wall, T, was calculated
using Eq. (13).
𝑇=

𝑀𝑚𝑎𝑥 108,047.1 𝑙𝑏 ∙ 𝑝𝑙𝑓
𝒍𝒃
=
= 𝟐𝟏, 𝟏𝟖𝟓. 𝟔𝟗𝟖
𝑗𝑑
(10.2)(0.5 𝑓𝑡)
𝒇𝒕

(29)

ACI 318 allows steel rebar to be stressed to 24 ksi (American Concrete Institute,
2005), so the required area of steel reinforcement in the concrete foundation wall is
calculated as:

𝐴𝑠𝑡𝑒𝑒𝑙

𝑙𝑏
21,185.698
𝑇
𝒊𝒏𝟐
𝑓𝑡
=
=
= 𝟎. 𝟖𝟖𝟑
𝑙𝑏
24 𝑘𝑠𝑖
𝒍𝒇
24,000 2
𝑖𝑛

(30)
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Based on the required area of steel reinforcement to provide adequate tensile
strength in the reinforced concrete wall, #9 rebar was selected. #9 rebar has a nominal
area of 1 square inch, a nominal diameter of 1.128 inches, and a weight per unit length of
3.4 pounds per linear foot. The cover on each side of the rebar was calculated to be 5.436
inches. The cover on each side of the rebar is considered to be adequate per the clear
cover requirements in ACI 318, which states that 2 inches of cover is required for
foundation walls (American Concrete Institute, 2005).
Once the rebar for the buoyant foundation was selected, the dead load of the
structure was updated to reflect the use of the steel reinforcement selected. Consequently,
the design flood and wind loads changed as a result of the increase in dead loads.
Although the change in loading was minimal, all design requirements were rechecked to
ensure that they were still in compliance, including verification that the design height of
the buoyant foundation wall still exceeded the minimum design flood protection depth.

Design of Vertical Restraining System
In this example, the design of the vertical restraining system was completed via
use of Risa3D design software; however, any structural design software can be used. The
initial size of the HSS member used as the vertical restraint was assumed and modeled in
the Risa3D software. The spacing of the HSS members was assumed to be 10 feet on
center, as shown in Figure 18, on the following page. The selected HSS member was
loaded with the load factors designated in LCC #5/7 – 0.6 for wind loads and 1.5 for
flood loads. The factored hydrodynamic force (the governing flood load) was applied as
a point load at the midpoint of the exposed portion of the HSS vertical restraint. The
factored wind load was applied to the member as a distributed load on all areas above the
stillwater flood elevation. Both loads were applied in the same lateral direction, as wind
often drives the direction of moving floodwaters, especially when the flooding is a result
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of storm surge. The Risa3D design program was run to determine if the selected HSS
member had adequate capacity in bending and shear at both the design flood elevation
(DFE) and maximum flood elevation (MFE), which is the maximum vertical position of
the amphibious superstructure.

Figure 18. Spacing of HSS restraints around perimeter of foundation walls

The initial HSS sizing selected (3.5 x 3.5 x 3/8) in this design failed, so the size of
the member was increased to 5 x 5 x 1/2. Although, a reduction in spacing could be
made to reduce the loads carried by each member, the spacing was not altered in this
design example. The Risa3D design program was re-run and passed with the 5 x 5 x1/2
square HSS member. The passing HSS member was stressed to 42.1% of its bearing
capacity and 30.8% of its shear capacity at the DFE, and 75.7% of its bearing capacity
and 8.0% of its shear capacity at the MFE.
Figures 19 and 20, on the following page, show the loading conditions, deflected
shapes, moment diagrams, and shear diagrams of the HSS vertical restraint at the design
flood elevation and at the maximum possible elevation of the amphibious structure,
respectively. Larger versions of these images, and the report generated by Risa3D
containing the design results, are included in Appendix B.
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Loading Condition

Deflected Shape

Moment Diagram

Shear Diagram

Figure 19. Loading conditions, deflected shape, moment and shear diagrams of HSS vertical restraint at DFE

Loading Condition

Deflected Shape

Moment Diagram

Shear Diagram

Figure 20. Loading conditions, deflected shape, moment and shear diagrams of HSS vertical restraint at MFE
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Theoretical Loss Avoidance Study
Methodology
FEMA frequently uses Loss Avoidance Studies (LAS) to determine the Return on
Investment (ROI) from flood loss mitigation efforts by comparing losses avoided due to
implementation of a mitigation strategy versus the damage expected if the mitigation was
not completed. Loss avoidance studies are used to quantify the dollar amount associated
with losses that were avoided during a flood event due to mitigation efforts and to qualify
the cost-effectiveness and long-term savings from the investment in a flood mitigation
strategy.
The location of the example design problem was Mexico Beach, Bay County,
Florida. In October 2018, Hurricane Michael made landfall in Mexico Beach, Florida as
a Category 5 hurricane, with maximum sustained wind speeds of 160 mph and a storm
surge inundation of 9 to 14 feet above normally dry ground (The Weather Channel,
2018). As part of this research, a theoretical loss avoidance study was performed in
accordance with same methodology used by FEMA after large flood events. The area
between the shoreline and US-98 in Mexico Beach, Florida was selected as the area of
interest used in this theoretical loss avoidance study.

Data Collection
The total number of residential structures located within the area of interest prior
to Hurricane Michael was determined to be 286. Google Earth and EagleView aerial and
isometric imagery were used to determine the condition of each property prior to and
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immediately following the hurricane. Table 14, below, quantifies the number of
structures that experienced less than substantial structural damage, substantial structural
damage, and complete destruction. Additionally, Table 14 denotes how many structures
falling into each of those categories were confirmed to be elevated above the BFE prior
to the hurricane.
Table 14. Extent of Damaged Structures in Mexico Beach, FL from Hurricane Michael
Total
Total number of residential structures in area of interest
Structures completely destroyed
Structures with substantial structural damage
Structures with less than substantial structural damage

286
190
33
63

Previously
Elevated
123
59
16
48

For the 223 total loss structures that were either destroyed or sustained significant
structural damage, it is assumed that the structures will be completely demolished and
rebuilt as new construction. According to cost data charts from the United States Census
Bureau, the average price per square foot of floor area for a new single-family residence
in the southern United States is $100.01 (United States Census Bureau, 2017).
For the 63 structures with less than substantial structural damage, the inundation
depth at each of the subject structures was estimated by utilizing water level and
elevation data obtained through the USGS Flood Event Viewer website. For the
previously elevated structures, it was assumed that all of the structures were elevated to a
height of 10 feet above grade. This assumption is a conservative estimate given the FIS
for the area indicates a maximum BFE of 10.1 feet above sea level, and the grade
elevation of the structures in question were all located a minimum of 7 feet above sea
level. Given this assumption, 41 of the 63 structures with less than substantial structural
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damage were expected to have no quantifiable flood related damages. The cost for
repairs to the 22 quantifiable losses were determined by use of FEMA’s Estimated Flood
Loss Potential tables, which categorizes the cost of damage based on the size of the
structure and the flood inundation depth (FEMA, 2017).
The size of the structures within the area of interest were also categorized as
small, medium, or large, based on their approximate square footage closest to 1,000
square feet, 2,500 square feet, or 5,000 square feet, respectively. Multi-family
residences, including apartment buildings and townhouses, were counted as single
structures and their size was based on the overall square footage of their building
footprint and number of stories. In total, 74 of the structures were considered small, 114
of the structures were considered medium, and 98 of the structures were considered large.

Data Analysis
Total Loss Structures
The cost to rebuild the 223 total loss structures was calculated and is summarized
in Table 15. The total cost only accounts for the actual construction cost of rebuilding
and does not consider contractor profit and overhead or personal property losses.
Table 15. Estimated Cost to Rebuild Total Loss Structures
Size of Structure
Small (1,000 sf)

Quantity of
Total Loss
Structures
65

Medium (2,500 sf)

96

Large (5,000 sf)

62

TOTAL

223

Cost to Rebuild
(1,000 sf) x ($100.01 per sf)
= $100,010 each
(2,500 sf) x ($100.01 per sf)
= $250,025 each
(5,000 sf) x ($100.01 per sf)
= $500,050 each

Total Cost
$6,500,650
$24,002,400
$31,003,100
$61,506,150
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Repairable Structures
An estimated 22 structures were damaged as a result of flood inundation but did
not experience substantial structural damage and can be repaired. Table 16 summarizes
the cost of repair based on the FEMA’s Estimated Flood Loss Potential tables (FEMA,
2017) and Table 17 quantifies the monetary damages to each of the 22 repairable
structures based on flood inundation depths estimated from recorded water levels in the
USGS Flood Event Viewer.
Table 16. Estimated Cost to Repair Based on Structure Size and Inundation Depth (FEMA, 2017)
Size of Structure
Small (1,000 sf)
Medium (2,500 sf)
Large (5,000 sf)

6 inches
$15,300
$37,260
$73,860

9 inches
$15,925
$39,553
$76,265

Inundation Depth
12 inches
36 inches
$16,550
$21,100
$39,845
$47,905
$78,670
$92,580

48 inches
$23,400
$53,355
$103,280

Table 17. Estimated Repair Costs for Inundated Structures (No SSD)
Size of Structure

Small (1,000 sf)

Medium (2,500 sf)

Large (5,000 sf)

TOTAL

Est. Grade at
Site (ft)

Est. Flood
Elevation (ft)

Est. Inundation
Depth (ft)

Est. Cost to
Repair

12
11
11
10
13
14
14
10
11
12
11
7
13
15
10
8
12
11
11
8
12
11

18
18
17.6
17.6
17.7
17.8
17.9
19
18.5
17.6
17.7
17.7
17.9
17.9
17.9
19
19
19
19
18.5
17.6
17.6

6
7
6.6
7.6
4.7
3.8
3.9
9
7.5
5.6
6.7
0.7
4.9
2.9
7.9
1
7
8
8
0.5
5.6
6.6

$23,400
$23,400
$23,400
$23,400
$23,400
$23,400
$23,400
$53,355
$53,355
$53,355
$53,355
$39,553
$53,355
$47,905
$53,355
$78,670
$103,280
$103,280
$103,280
$73,860
$103,280
$103,280

$1,240,318
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Total Monetary Value of Losses
The total monetary value of the damages resulting from flood loads and flood
inundation within the area of interest as a result of the passage of Hurricane Michael is
equal to the sum of the cost to rebuild all total loss structures and to repair all structures
flood damages constituting less than substantial structural damage. The total monetary
value of damages assigned to this event within the area of interest was calculated to be
approximately $62,746,468.
Cost of Flood Mitigation
The costs differentials of three different foundation types were estimated and
compared. The first foundation was a typical 4-inch slab on grade with no flood
protection. The second foundation type was a statically elevated structure supported on
embedded piles, which is recognized by FEMA as an acceptable flood mitigation
strategy. The third foundation type was an amphibious dual foundation system, which is
the flood mitigation strategy presented in this research. The material costs of each
foundation system were compiled using RS Means 2020 and are summarized in Table 18,
on the following page.
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Table 18. Estimated Material Cost of Each Foundation System (The Gordian Group, Inc., 2020)

Concrete Slab on Grade
LINE ITEM

Unit

Unit
Cost

4” thick
concrete slab

SF

$2.99

Area (SF)
Small

Medium

Large

Small

Medium

Large

--

1,000

2,500

5,000

$2,990

$7,475

$14,950

Quantities

Elevated on Piles
LINE ITEM
Footing,
12” x 24”

4” thick
concrete slab
8” thick static
foundation wall
12” thick
buoyant
foundation wall
HSS steel
restraints
TOTAL

COST

(based on 10’ pile spacing)

Unit

Unit
Cost

Length
(ft)

Small

Medium

Large

Small

Medium

Large

LF

$16.37

20

18

36

66

$5,893

$11,786

$21,608

Amphibious Dual Foundation
LINE ITEM

COST

Length
(ft)

Quantities

COST

(based on 10’ restraint spacing)

Unit

Unit
Cost

Length
(ft)

Small

Medium

Large

Small

Medium

Large

SF

$2.99

--

1,000

2,500

5,000

$2,990

$7,475

$14,950

SF

$11.45

10

140

200

300

$16,030

$22,900

$34,350

SF

$13.51

10

140

200

300

$18,914

$27,020

$40,530

EA

$835.17

--

18

36

66

$15,357

$30,714

$56,309

$53,291

$88,109

$146,139

The total cost of construction based on foundation type and size of the structure
was calculated and is summarized in Table 19, below.
Table 19. Total Cost of Construction based on Structure Size and Foundation Type
Foundation Type
Slab on Grade
Elevated on Piles
Amphibious

Small (1,000 sf)
$103,000.00
$105,903.20
$153,301.06

Medium (2,500 sf)
$257,500.00
$261,811.40
$338,134.12

Large (5,000 sf)
$515,000.00
$521,658.40
$646,189.22

The increase in the cost of construction of a structure with an amphibious dual
foundation is approximately 125-150% in comparison to the cost of construction for a
slab on grade structure or a statically elevated structure.
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LAS Analysis, Results, and Interpretation
In the case of the 286 structures located in the area of interest in Mexico Beach,
Florida, this theoretical LAR assumes that if all 286 structures been constructed with
amphibious foundations the total number of losses avoided during Hurricane Michael
would have been on the order of approximately $62,746,468. The project investment to
have constructed all 286 structures with amphibious dual foundation systems, as outlined
in this research, would have cost approximately $20,983,026. The Return on Investment
(ROI) is calculated with the equation:

𝑅𝑂𝐼 =

𝑙𝑜𝑠𝑠𝑒𝑠 𝑎𝑣𝑜𝑖𝑑𝑒𝑑 − 𝑝𝑟𝑜𝑗𝑒𝑐𝑡 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡
𝑝𝑟𝑜𝑗𝑒𝑐𝑡 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡
=

(319)

($62,746,468 − $20,983,026)
× 100% = 𝟏𝟗𝟗%
$20,983,026

The positive ROI of 199% indicates that, in this instance, the flood damages
incurred could have been avoided if the proposed amphibious dual foundation system had
been implemented in the area of interest prior to the passage of Hurricane Michael, and
approximately $41,763,442 could have been saved.
When determining if an amphibious foundation mitigation strategy is the best
option for a given area of interest, a theoretical LAS should be conducted to compare the
cost of a new amphibious construction versus the cost of expected damages without the
amphibious mitigation strategy. Based on the results of the theoretical LAS provided
herein, it is expected that amphibious foundations are a valuable solution in areas with
high-elevation flood hazards; however, it is unlikely that an amphibious mitigation
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strategy would yield a positive ROI in areas of interest where the expected worst-case
scenario flood hazard is sheet flow or low-elevation inundation risks.

Results and Conclusions
The prescriptive criterion presented within this research has been developed
within a reasonable degree of certainty for applicability in any given structure based on
widely accepted engineering principles set forth by the IBC, ASCE, and FEMA. The
outlined prescriptive criterion provides a detailed, step-by-step procedure for how to
calculate the design loading requirements for dead loads, live loads, wind loads, flood
loads; determine the applicable load case combination; select members for the restraining
system; test the vertical members of the restraining system to determine if they have
adequate capacity in bending and shear to resist lateral movement and rotation of the
structure; and calculate the required reinforcement in the concrete buoyant foundation
walls to resist breaking wave loads in coastal flood hazard areas and impact loads from
flood-borne debris in both coastal and non-coastal flood hazard areas. All equations
provided within the outlined prescriptive criterion are either taken from equations
presented in IBC, ASCE, or FEMA documentation, or have been derived from equations
in such documentation for specific application on a structure with an amphibious dual
foundation system.
Prior to the implementation of an amphibious dual foundation as a flood
mitigation strategy for any given site location, a theoretical LAS should be performed to
determine if the expected ROI warrants the increased cost of construction for an
amphibious dual foundation system. The theoretical LAS analyzed in this research
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suggests that coastal areas with high-surge hazard potential would benefit from
amphibious structures. Other areas of interest in which amphibious structures are
expected to be beneficial as a flood mitigation strategy include site locations at or below
sea level; coastal or riverine locations in hurricane-prone regions; site locations situated
along rivers or within a floodway with an upstream dam or levee susceptible to failure or
a mass water release; and site locations susceptible to flash floods with high elevation
inundation potential.

Significance of Research
The development of a systematic approach to amphibious structural design and
the creation of a successful prescriptive design criterion and implementation plan is an
integral component to the widespread acceptance of amphibious structures as a
recognized mitigation design strategy to protect structures, their occupants, and contents
against damage from floods without increasing their vulnerability to elevated wind forces
as compared to permanent static elevation; to reduce the potential for repetitive losses; to
allow structures to remain fully accessible to during normally dry conditions, and to
retain community character and the standard relationship between a structure and the
ground.
Once scientific data from engineering calculations and testing, similar to that
presented in this research, can be qualified to prove that this initiative can work on any
scale, and is both cost-effective and sustainable, then the initiative will have the best
chance of being recognized by FEMA as an acceptable mitigation strategy and adopted
into the building code.
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This research is uniquely important because it provides a solution to structural
mechanisms that fail repeatedly and get reconstructed based on the same design methods
that failed the first time. If we want to see forward progress towards adequately
mitigating of the effects of high inundation flood disasters, we should be building and
rebuilding stronger and smarter, not the same.

Limitations and Disclosure
A major limitation of this research includes the inability to construct a full-scale
mock-up to subject to real-world testing. Additional limitations stem from the variability
of every single flood event and hurricane. Using data from a “worst-case scenario” past
hurricane does not mean those values cannot or will not be exceeded in the future. Like
any building construction project, human error in construction can result in the structure,
or components of the structure, being unexpectedly compromised in the future. A
This research is conceptual in nature and only addresses limited scope items of a
full amphibious design. Amphibious design is not currently an approved or accepted
method of flood mitigation. This research is not intended to be used a guide to design or
build from, but is intended to provide a baseline for the framework for further research
and development of applicable future design methods.

68

A PRESCRIPTIVE CRITERION FOR AMPHIBIOUS FOUNDATION DESIGN

References
AISC. (2012). Steel Construction Manual, 14th Edition. USA: American Institute of
Steel Construction.
Alarcon, J. (2012, August 2). The FLOAT House - Make It Right / Morphosis Architects.
Retrieved from Arch Daily: https://www.archdaily.com/259629/make-it-righthouse-morphosis-architects
American Concrete Institute. (2005). ACI 318: Building Code Requirements for
Structural Concrete (ACI 318-05). Farmington Hills, MI: American Concrete
Institute.
Anderson, H. C. (2014). Amphibious Architecture: Living with a Rising Bay. Thesis,
presented to California Polytechnic State University in partial fulfillment of the
requirements for the degree of Master of Architecture.
ASCE. (2014). ASCE/SEI 24-14: Flood Resistant Design and Construction. Reston,
Virginia: American Society of Civil Engineers.
ASCE. (2016). ASCE/SEI 7-16: Minimum Design Loads and Associated Criteria for
Buildings and Other Structures. Virginia, USA: American Society of Civil
Engineers.
Coulbourne Consulting. (2017). Residential Structural Design Guide, Second Edition.
Prepared by Coulbourne Consulting for the U.S. Department of Housing and
Urban Development Office of Policy Development and Research.

69

A PRESCRIPTIVE CRITERION FOR AMPHIBIOUS FOUNDATION DESIGN

Department of Homeland Security. (2009). FEMA's Implementation of the Flood
Insurance Reform Act of 2004. Washington, DC: Office of Inspector General.
English, E. (2009). Amphibious Foundations and the Buoyant Foundation Project:
Innovative Strategies for Flood-Resilient Housing. International Conference on
Urban Flood Management. Paris, France: UNESCO.
English, E., Friedland, C., Orooji, F., & Mahtani, N. (2015). A New Approach to
Combined Flood and Wind Mitigation for Hurrican Damage Prevention. 14th
International Conference on Wind Engineering. Porto Alegre, Brazil.
English, E., Klink, N., & Turner, S. (2016). Thriving with Water: Developments in
amphibious architecture in North America. FLOODrisk 2016 - 3rd European
Conference on Flood Risk Management. Lyon, France: EDP Sciences.
FEMA. (2003, September 25). Flood Insurance Myths and Facts. Retrieved from
Department of Homeland Security: https://www.fema.gov/newsrelease/2003/09/25/flood-insurance-myths-and-facts
FEMA. (2004, August 16). Flooding: America's #1 Natural Hazard. Retrieved from
Department of Homeland Security: https://www.fema.gov/newsrelease/2004/08/16/flooding-americas-1-natural-hazard#
FEMA. (2009). Recommended Residential Construction for Coastal Areas: Building on
Strong and Safe Foundations. FEMA P-550. Retrieved from
https://www.fema.gov/media-library-data/20130726-1517-204909361/fema_p550_rev3.pdf

70

A PRESCRIPTIVE CRITERION FOR AMPHIBIOUS FOUNDATION DESIGN

FEMA. (2011). FEMA P-55: Coastal Construction Manual. FEMA.
FEMA. (2016, November 28). Flooding in the Past Five Years. Retrieved from
Department of Homeland Security: https://www.fema.gov/medialibrary/assets/images/103646
FEMA. (2017). Estimated Flood Loss Potential. Retrieved from FEMA:
https://www.fema.gov/media-library-data/14992906229130bcd74f47bf20aa94998a5a920837710/Flood_Loss_Estimations_2017.pdf
FEMA. (2017). Estimated Flood Loss Potential. Retrieved from
https://www.fema.gov/media-library-data/14992906229130bcd74f47bf20aa94998a5a920837710/Flood_Loss_Estimations_2017.pdf
FEMA. (2017, September 30). Significant Flood Events. Retrieved from Department of
Homeland Security: www.fema.gov/significant-flood-events
FEMA. (2020, March 7). Base Flood Elevation. Retrieved from Department of
Homeland Security: https://www.fema.gov/base-flood-elevation
FEMA. (2020, 04 03). Freeboard. Retrieved from FEMA:
https://www.fema.gov/freeboard
FEMA. (2020, April 1). NFIP Definitions. Retrieved from FEMA:
https://www.fema.gov/national-flood-insurance-program/definitions
FEMA, Flood Insurance Study Number 12005CV000B. (2009). Flood Insurance Study:
Bay County, Florida and Incorporated Areas. FEMA.

71

A PRESCRIPTIVE CRITERION FOR AMPHIBIOUS FOUNDATION DESIGN

Gaythwaite, J. (1990). Design of Marine Facilities for the Berthing, Mooring, and Repair
of Vessels (2nd ed.). Reston, Virginia, USA: American Society of Civil Engineers.
Insurance Information Institute, Inc. (2017). Facts + Statistics: Flood Insurance.
Retrieved from Insurance Information Institute: https://www.iii.org/factstatistic/facts-statistics-flood-insurance
Ishaque, F., & Ahamed, M. S. (2014). Design and Estimation of Low Cost Floating
House. International Journal of Innovation and Applied Studies, 49-57.
Mikolasevic, V. (2015). As the Water Rises: Amphibious housing in a rural setting.
Thesis, presented to Chalmers University of Technology in Gothenburg, Sweden,
in partial fulfillment of the thesis requirement for the degree Master of
Architecture and Urban Design.
Mississippi Gaming Commission. (1994, October 13). Meeting Minutes of the
Mississippi Gaming Commission. Jackson, Mississippi. Retrieved from
http://www.msgamingcommission.com/files/minutes_archive/M941013.pdf
National Hurrican Center. (n.d.). National Storm Surge Hazard Maps. Retrieved from
NOAA:
http://noaa.maps.arcgis.com/apps/MapSeries/index.html?appid=d9ed7904dbec44
1a9c4dd7b277935fad
National Hurricane Center. (n.d.). Storm Surge Overview. Retrieved from National
Oceanic and Atmospheric Administration: http://www.nhc.noaa.gov/surge/

72

A PRESCRIPTIVE CRITERION FOR AMPHIBIOUS FOUNDATION DESIGN

National Weather Service. (2016). Natural Hazard Statistics. Retrieved from
www.nws.noaa.gov/om/hazstats.shtml
Nelson Publishing, Inc. (2013, January 22). Six Degrees of Freedom General Definitions.
Retrieved from DesignFax: http://www.nelsonpub.com/cms/dfx/opens/articleview-dfx.php?nid=4&bid=209&et=featurearticle&pn=06
Prosun, P. (2011). The LIFT House: An amphibious strategy for sustainable and
affordable housing for the urban poor in flood-prone Bangladesh. Thesis,
presented to the University of Waterloo in Waterloo, Canada, in fulfillment of the
thesis requirement for the degree of Master of Architecture.
Robertson, I. N., Riggs, H. R., Yim, S. C., & Young, Y. L. (2007). Lessons from
Hurricane Katrina Storm Surge on Bridges and Buildings. Journal of Waterway,
Port, Coastal, and Ocean Engineering, 463-483.
The Editors of Encyclopædia Britannica. (2016, September 18). Archimedes' Principle,
Physics. Retrieved from Encyclopædia Britannica:
https://www.britannica.com/science/Archimedes-principle
The Gordian Group, Inc. (2020). Building Construction Costs with RSMeans data 2020,
78th Annual Edition. Rockland, MA: Construction Publishers & Consultants.
The Weather Channel. (2018, October 13). Hurricane Michael Recap: Historic Category
5 Florida Panhandle Landfall and Inland Wind Damage Swath. Retrieved from
The Weather Channel: https://weather.com/storms/hurricane/news/2018-10-11hurricane-michael-recap-gulf-coast-southeast

73

A PRESCRIPTIVE CRITERION FOR AMPHIBIOUS FOUNDATION DESIGN

United States Census Bureau. (2017). Characteristics of New Housing. Retrieved from
United States Census Bureau:
https://www.census.gov/construction/chars/pdf/soldpricesqft.pdf

74

Appendix A: External Resources for Load Calculations

Dead load values taken from page 3-5 the Residential Structural Design Guide
(Coulbourne Consulting, 2017):
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Live load values taken from page 3-7 of the Residential Structural Design Guide
(Coulbourne Consulting, 2017):
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Basic wind speed map for Risk Category II buildings taken from page 253 of ASCE 7-16
(ASCE, 2016):
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Wall and roof pressure coefficients taken from page 276 of ASCE 7-16 (ASCE, 2016):
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Estimated Flood Loss Potential charts (FEMA, 2017):
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Appendix B: Restraining System Structural Analysis Results
Vertical Restraint Loaded at Design Flood Elevation (DFE)

Loading at DFE

Deflected Shape at DFE
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Moment Diagram at DFE

Shear Diagram at DFE

DESIGN RESULTS:

Bending at 42.1% of capacity
Shear at 30.8% of capacity
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Vertical Restraint Loaded at Maximum Allowable Flood Elevation (MFE)

Loading at MFE

Deflected Shape at MFE
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Moment Diagram at MFE

Shear Diagram at MFE

DESIGN RESULTS:

Bending at 75.7% of capacity
Shear at 8.0% of capacity
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